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Introduction
Microfluidics-based cell assays have been extensively explored for a wide range of applications including single cell analysis and measurement, microscale biophysics and biochemistry, and tissue engineering.
1, 2 Microfluidics not only provides the capability of microscale manipulation or confinement for isolation of single cells but also offers controlled microenvironments down to subcellular dimensions. [3] [4] [5] [6] [7] [8] [9] The introduction of a local perturbation to the subcellular area is critical for the continuous observation of effects of particular chemical/biological reagents on the biochemical and biophysical processes of cells and for the study of the propagation of these effects from a local area to the whole cell. [7] [8] [9] In these studies, the special characteristics related to microscale laminar flows have been explored for the local application of stimulants to a subcellular area. Together with the capability of subcellular delivery of reagents, other features offered by microfluidics, such as a high degree of integration, automation, and high throughput, make it a unique platform for a wide range of applications related to drug discovery and other cell biology studies related to cell stimulation and response. However, microfluidics has only been explored in limited cases for applications related to the delivery of chemical, drug molecules, or nanoparticles into cells. 5, [10] [11] [12] Microfluidic delivery of molecules into cells in a controlled and quantitative manner remains a challenge.
In this study, we demonstrate the delivery of small molecules into cells based on microfluidic hydrodynamic focusing. In hydrodynamic focusing, the side flows squeeze the central flow into a thin stream that is sheathed in buffer fluid. The combined streams flow in parallel down the channel with mixing between the streams caused only due to diffusion.
4 [13] [14] [15] The focusing width can be controlled by varying the ratio of relative pressure driving the side and central flows, and stream widths as small as 50 nm have been measured. 13 Hydrodynamic focusing has been applied to a number of different applications ranging from single molecule analysis 16 , rapid mixing or dilution [15] [16] [17] , and microscale patterning of the surface 18 , to the fabrication of monodisperse particles or liposomes. 19, 20 In this study, we combine experiments and modeling to demonstrate controlled delivery of a membrane-permeant dye, calcein AM, into Chinese hamster ovary (CHO-K1) cells based on hydrodynamic focusing. The cells were immobilized on the bottom surface of the channel. By controlling the focus width of the central sample flow, we were able to adjust the amount of small molecules delivered into the cells. Hydrodynamic focusing enabled delivery of molecules through the subcellular membrane area in a stable and controlled manner. We monitored the dynamics of the enzymatic reaction and molecular diffusion inside the cells following the delivery of the molecule. Our modeling showed that the response of a cell was correlated with the concentration of the molecules available on the outer surface of the cell. This delivery technique could provide the basis for high-throughput screening of small molecule drugs on a microfluidic platform.
Experiments and Simulation
Microchip fabrication. Microfluidic devices were fabricated in polydimethylsiloxane (PDMS) using standard soft lithography method. 21 The detailed procedures are described in our previous publications. 22, 23 Briefly, microscale patterns were first created using computer-aided design software and then printed out on high-resolution (5080 dpi) 
Simulation of hydrodynamic focusing and molecular diffusion
The steady state fluid flow and molecular diffusion within the microfluidic device were simulated using the commercial finite volume software FLUENT 6 (Fluent Inc., Lebanon, NH, USA). A 3-D model was generated with the same dimensions as those of the device employed in the experiments (channels of 100 μm width and 33 μm depth as in Figure 1 ).
Considering the small scale and slow velocities, the flow was modeled as being incompressible and laminar, using the continuity and momentum equations as follows:
The species equation for Calcein AM diffusion is: [Pa] is the dynamic pressure, F is the mass fraction of the dye, and D [m Second-order upwind differencing was applied in discretizing the advection terms, while the SIMPLE algorithm was employed for pressure-velocity coupling. 25 The boundary condition at the inlet of the three channels was set as a velocity-inlet boundary since the inlet velocity was known; the bulk flow velocity for the central channel was set as 2.53 mm/s (30 μl/hr) and the velocities for the side channels were related to this value via the flow rate ratio k. The boundary condition at the outlet was set as a given static pressure outlet. 26 At the channel walls, a no-slip boundary condition was applied. The dye concentration at the inlet of the central channel was set as 20 μg/ml, while that at the inlet of the two side channels was set as 0.
Results and Discussion
Hydrodynamic focusing of fluorescein in the microfluidic device with the CCD camera is dependent on the sensitivity and the dynamic range of the CCD camera. In general the focus width decreased when the flow rate ratio k increased. The focus widths were fairly constant for x in the range of 200 and 350 μm. When the flow rate ratio k was 10 or higher, the focus width was less than 10 μm. This suggests that streams carrying small molecules with subcellular dimensions can be easily created using this approach.
Calcein AM delivery and conversion in the seeded cells
Calcein AM is a neutral and non-fluorescent dye that is permeant to the cell membrane.
Once the dye enters a cell, it is rapidly converted by cell esterases into negatively charged, impermeant fluorescent molecules (calcein). 29 The nucleus-cytoplasm signal intensity ratio is approximately 3:1, which allows clear visualization of both structures. In this study, we used calcein AM as a model molecule to test the controlled delivery of small molecules into cells based on microfluidic hydrodynamic focusing.
After growing cells on the surface of the glass substrate for 12 hours, we tested the A higher flow rate ratio k yielded lower fluorescence intensity, implying that fewer calcein AM molecules were delivered into the cells. The fluorescence intensity typically reached its peak value within 1 to 5 minutes after delivery of the calcein AM solution was stopped. When the flow rate ratio was lower and the concentration of calcein AM was higher around the cells, the peak value in the fluorescence intensity occurred later due to the time required for enzymatic processing of the molecules. The control experiment delivered more calcein AM into cells than all the experiments with hydrodynamic focusing.
The peak value in the fluorescence intensity was indicative of the amount of calcein AM molecules delivered into cells.
It must be noted that our technique is fundamentally different from other hydrodynamics techniques such as "PARTCELL" in terms of the motivation and the application [7] [8] [9] . In this work, we are interested in developing a technique which is capable of delivering a tiny amount of molecules into single cells in a controlled manner. We are not interested in observing the effects of delivery into specific subcellular regions. Indeed, since the enzymatic conversion of calcein AM occurs mostly in the nucleus regardless of the delivery location (as shown in Figure 4 ), we do not expect to see significant effects due to the subcellular location where the delivery takes place. We are primarily concerned with how the dimensions of the carrier stream (which determine how much the membrane surface is exposed to the carrier stream) affect the amount of the molecules delivered to the whole cell.
Simulation of the hydrodynamic focusing and the molecular diffusion
Three-dimensional simulations of the flow field in the microfluidic device have been carried out to generate insight into how hydrodynamic focusing can be used to manipulate the molecular delivery into a cell. However, the delivery of small molecules into cells, A mesh with 128,333 hexahedral elements was found to yield mesh-independent results, and was chosen for the simulations. We further investigated the concentration gradient in the channel due to hydrodynamic focusing and diffusion. Figure 9 shows the calcein AM concentration distribution in the cross section of the channel in the ZY plane which intersects the center of the cell. The molecular profile slightly expands on the cell surface and the upper wall of the channel.
The higher the flow rate ratio, the lower is the concentration in general. in Figure 10b under different flow rate ratios. The concentration is the highest at the cell center. The peak concentration is around 16 μg/ml when k = 3 (compared to the original calcein AM concentration of 20 μg/ml). The magnitude of the peak concentration is seen to decrease as the flow rate ratio increases. We consider two competing mechanisms which determine the peak concentration on the cell surface: First, higher flow rates from the side channels squeeze the sample flow into a narrower stream so that the calcein AM concentration in the central stream is lowered more rapidly due to the shorter diffusion length involved; second, a higher flow rate ratio is associated with higher overall velocity in the channel which shortens the time for the sample to reach the cell location. This decreases the time for diffusion to occur. The first mechanism seems to dominate for all the flow rate ratios explored in this study.
Lastly, we wished to determine whether the concentration on the outer surface of the cell affects the uptake of the molecule in a significant way. The peak values in the fluorescence intensity from cells after the delivery ( Figure 5 ) indicated the number of calcein AM molecules delivered. The data in Figure 5 were extracted from multiple cells with different positions and orientations in the region of x = 250-450 μm, compared to the simulation in which a single cell at x = 300 μm was modeled. Nevertheless, the presence of cells does not seem to affect the hydrodynamic focusing in a significant way as we concluded above. Furthermore, the uptake of the molecule is essentially determined only by the surface area exposed to the carrier stream with the cell orientation being less relevant.
In Figure 11 , at each flow rate ratio, the averaged calcein AM concentration over the entire outer surface of the cell (obtained from the simulation) was plotted against the peak value in the fluorescence intensity after the delivery (obtained from the experiment). 
Conclusions
In this study, we explored the possibility of applying microfluidic hydrodynamic focusing for controlled delivery of molecules into cells at the single cell or subcellular level.
Combining experiments and simulations, we demonstrated that we were able to create a focused stream with a controlled flow rate and microscale width by hydrodynamic focusing. 
